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[1] Dissolved organic carbon (DOC), lignin biomarkers, and the optical properties of
dissolved organic matter (DOM) were measured in the Epulu River (northeast Democratic
Republic of Congo) with the aim of investigating temporal controls on the quantity and
chemical composition of DOM in a tropical rainforest river. Three different periods
defined by stages of the hydrologic regime of the region, (1) post dry flushing period,
(2) intermediary period, and (3) start of the dry period/post flush, were sampled. Temporal
variability in DOM quantity and quality was observed with highest DOC, lignin
concentration (Xg) and carbon-normalized (Ag) values during the flushing period
attributed to greater surface runoff and leaching of organic-rich horizons, with lowest
values in the dry period/post flush once source materials were well leached. Chromophoric
DOM (CDOM) was strongly correlated to DOC and g (#* = 0.85 and 0.83,
respectively; p < 0.001), and CDOM quality measurements (SUVA,s4, spectral slope
ratio and fluorescence index) were strongly correlated to Ag values (* = 0.77, 0.69, and
0.75, respectively; p < 0.001), demonstrating the ability to derive DOC and lignin
export and to track DOM quality in tropical riverine systems from simple optical
measurements. This study demonstrates similar effects in the variability of DOM quantity
and quality due to changing hydrologic inputs for a tropical river as has been previously
reported for temperate and northern high-latitude rivers. Therefore, flushing periods

in tropical rivers warrant further study, as they are critical toward understanding ecosystem
biogeochemistry as maximal export of freshly leached plant material occurs during this time

period.
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1. Introduction

[2] Dissolved organic matter (DOM) represents a funda-
mental link between terrestrial and aquatic carbon cycles
and plays an essential role in aquatic ecosystem biogeo-
chemistry. The majority of DOM studies in catchments have
focused on measuring bulk concentrations such as dissolved
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organic carbon (DOC) and dissolved organic nitrogen
(DON) in order to calculate export fluxes and observe
temporal trends. Such bulk measurements, however, provide
little information about the chemical composition or quality
of DOM and, thus, its biogeochemical role [Hernes et al.,
2008; Baker et al., 2008a; Fellman et al., 2009]. To
examine biogeochemical processes in relation to DOM
quality previous studies have focused on measurements of
bulk DOM properties such as C/N ratios, isotopic compo-
sition, and chromophoric (colored) DOM (CDOM) [Hood et
al., 2005, 2007; Neff et al., 2006] or measurements of the
molecular composition of DOM such as amino acids, car-
bohydrates, and lignin phenols [Hedges et al., 1994, 2000;
Lobbes et al., 2000]. CDOM optical properties, such as
absorption and fluorescence, have been the focus of
numerous current studies in aquatic sciences due to their
potential as proxies for understanding biogeochemical pro-
cesses such as lability and photochemical degradation [Cory
et al., 2007; Stubbins et al., 2008; Fellman et al., 2009].
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Figure 1. Map of the Epulu River study site. The black box in (a) study area within Africa and (b) study
area within the Congo River Basin represents the study area shown in (c) inset.

A number of simple optical proxies related to DOM aro-
maticity and molecular weight, including the spectral slope
ratio (Sr) [Helms et al., 2008], specific UV absorbance at
254 nm (SUVA,s4) [Weishaar et al., 2003], and the fluo-
rescence index (FI) [McKnight et al., 2001; Cory and
McKnight, 2005], have provided information on the chem-
ical composition of DOM. These simple proxies can be
garnered from small volumes of sample at relatively low
cost, therefore opening up the possibility of real-time
monitoring of DOM dynamics in aquatic ecosystems.

[3] The development of optical proxies to elucidate DOM
biogeochemical processes also benefits from the “ground
truthing” of CDOM optical properties with established
biomarker techniques for examining the chemical compo-
sition of DOM. Molecular level analyses of lignin phenols
are diagnostic tracers of vascular plant inputs in aquatic
systems and, when normalized to the DOC concentration,
can be used to calculate the relative contribution of vascular
plant-derived material to the DOM pool [Hedges et al.,
2000; Hernes et al., 2008]. In riverine systems, dissolved

lignin measurements have been employed to highlight
changes in DOM sources with variation in hydrologic
conditions [Dalzell et al., 2005; Hernes et al., 2008; Spencer
et al, 2008]. Previous studies in high-latitude northern
rivers dominated by allochthonous DOM inputs have shown
that temporal variability in lignin carbon-normalized yields
is linked to DOM lability and photoreactivity [Holmes et al.,
2008; Spencer et al., 2008; Osburn et al., 2009]. Thus,
utilizing optical proxies for biomarkers such as lignin phe-
nols increases our capacity to characterize ecosystem func-
tioning by identifying predominant DOM sources and
processes that drive observed variability in aquatic systems
at relevant temporal and spatial scales.

[4] Recent DOM studies have focused disproportionately
on quantity and quality in temperate and northern high-
latitude rivers due to pertinent questions about anthropo-
genic and climate-driven changes in these systems [Worrall
et al., 2003; Evans et al., 2007; Raymond et al., 2007].
However, tropical rainforest systems have by far the highest
riverine DOC fluxes to the oceans [Aitkenhead and McDowell,

2 of 12



G03013

250

200 +

150 - ]

Rainfall (mm)

100 A

50

0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Oct Nov Dec

Aug Sep

Month

Figure 2. Annual variation in mean monthly rainfall data
[adapted from Katuala et al., 2005] in the Okapi Wildlife
Reserve (Ituri Forest).

2000] and have received little attention with respect to tem-
poral variability in DOM quality. The second largest area of
tropical rainforest in the world is found in central Africa, and
within this rainforest, the Congo River Basin includes vast and
unbroken regions from the Atlantic Ocean to the Albertine
Rift [Duveiller et al., 2008]. Political instability and limited
infrastructure have severely inhibited research efforts in this
region [Baccini et al., 2008], thereby limiting our funda-
mental knowledge of biogeochemical cycling in the Congo
River Basin. This study examined the Epulu River, a typical
river draining pristine tropical rainforest in central Africa. The
aim of this study was to investigate temporal variation in the
quantity and chemical composition of DOM, which in turn
was used to identify source materials and to address how
important seasonality is in the biogeochemical cycling of
DOM derived from tropical riverine ecosystems.

2. Materials and Methods

2.1. Study Site

[5] The Epulu River was sampled near the Okapi Breed-
ing and Research Station (1°24'N, 28°34'E) near Epulu in the
Okapi Wildlife Reserve in the northeast of the Democratic
Republic of Congo (Figure 1). The Okapi Wildlife Reserve
is a World Heritage Site that covers an area of ~13,700 km?
in the Ituri Forest. The Epulu River is one of two main rivers
that drain the Okapi Wildlife Reserve in the Ituri Forest. It
joins the other main river (the Ituri) and takes its name as it
flows westward and later becomes the Aruwimi River,
which continues westward and joins the Congo River at
Basoko. The Ituri Forest (~70,000 km?) exists in a pristine
state and due to the density of its vegetation, has among the
highest carbon content per hectare of any rainforest [Koenig,
2008]. Vegetation within the Ituri Forest is dominated by
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two types of tropical moist forest (mixed forest and mono-
dominant forest) with small areas of swamp forest in areas
of poor drainage [Makana et al., 2004; Katuala et al., 2005].
Human impacts within the region are minimal (e.g., tradi-
tional hunting-gathering), and the population density is low
(~1.5 persons’km?). A lack of transportation and recent
conflict in the region has restricted logging to the forest edge
and the banks of navigable rivers [Makana et al., 2004].
Within the central African countries, the Democratic
Republic of Congo has the lowest amount of forest distur-
bance within its borders, with just 1% currently disturbed
[Laporte et al., 2007].

[6] Climatic records for the region are not detailed, and no
discharge data exist for the rivers in the Ituri Forest; how-
ever, hydrologic regimes can be examined by utilizing
existing rainfall data. The annual rainfall is estimated to be
between ~1300 and 2100 mm (typically 1650-1800 mm),
with April, May, and August through October as the wettest
months while December, January, and February (the dry
season) typically receive less than 100 mm of precipitation
per month [Makana et al., 2004; Katuala et al., 2005, and
references therein]. Mean monthly rainfall data collected in
Epulu from 2003 to 2008 follows the long-term trends
observed previously [Katuala et al., 2005, and references
therein] (Figure 2) and the mean annual rainfall for 2003—
2008 was ~1670 mm. Temperature shows little variation in
the region with a mean annual temperature of ~24°C (mean
monthly temperature ~ 22.8-24.6°C) [Katuala et al., 2005,
and references therein].

2.2. Water Sample Collection and Processing

[7] Water samples were collected during three different
periods of the year (9 or 10 days either consecutive to one
another or within a 12 day period). The three sampling
periods corresponded to different stages of the hydrologic
regime of the area (flushing period, intermediary, and the
start of the dry period/post flush). The high-discharge
flushing period was sampled at the start of the April/May
wet period (1627 April 2008) for 10 days out of the 12 day
period. The intermediary period was sampled daily toward
the end of the dry season (February) when individual small
storms occurred (5—13 February 2008). The post flush/onset
of the dry period was sampled for 10 days after some of the
wettest months (August through October) at the onset of the
dry season, typically during the middle to end of November/
beginning of December (28 November to 6 December
2007). Water samples were collected from the surface of the
river in midchannel via a precleaned and prerinsed 1 L
Nalgene bottle and filtered immediately through pre-
combusted (450°C) 0.7 um glass fiber filters (Whatman,
GF/F). Samples were stored frozen, kept in the dark, and
shipped on ice to the University of California-Davis (USA)
for further analyses.

2.3. Dissolved Organic Carbon and Chromophoric
Dissolved Organic Matter Analyses

[8] Dissolved organic carbon was measured on filtered
water samples using a high-temperature catalytic oxidation
(HTCO) Shimadzu TOC 5000A instrument and methodol-
ogy as described in Spencer et al. [2007a]. All reported
DOC data are the mean of three to five replicate injections
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Table 1. Epulu River Dissolved Organic Carbon, Chromophoric Dissolved Organic Matter, Specific UV Absorbance at 254 nm, and

Fluorescence Index Data®

Sampling Period Date DOC (mg Lfl) 8575295 8350400 Sr SUVA;s4 (L mg c! n‘f]) FI
Wet/flushing 16 Apr 2008 9.0 0.01453 0.01824 0.796 3.57 1.22
Wet/flushing 17 Apr 2008 8.7 0.01464 0.01836 0.797 3.45 1.28
Wet/flushing 18 Apr 2008 8.5 0.01476 0.01828 0.807 3.34 1.24
Wet/flushing 19 Apr 2008 7.6 0.01481 0.01794 0.826 3.38 1.29
Wet/flushing 20 Apr 2008 6.8 0.01520 0.01771 0.858 3.34 1.30
Wet/flushing 21 Apr 2008 6.9 0.01512 0.01775 0.852 3.35 1.30
Wet/flushing 23 Apr 2008 8.0 0.01487 0.01806 0.823 3.43 1.27
Wet/flushing 25 Apr 2008 7.2 0.01492 0.01711 0.872 3.36 1.28
Wet/flushing 26 Apr 2008 6.9 0.01479 0.01707 0.867 3.34 1.29
Wet/flushing 27 Apr 2008 6.6 0.01463 0.01735 0.843 3.29 1.33
Intermediary 05 Feb 2008 7.4 0.01484 0.01716 0.865 3.33 1.30
Intermediary 06 Feb 2008 6.8 0.01459 0.01600 0.912 3.30 1.31
Intermediary 07 Feb 2008 6.0 0.01475 0.01604 0.920 3.27 1.38
Intermediary 08 Feb 2008 5.2 0.01491 0.01562 0.954 3.21 1.41
Intermediary 09 Feb 2008 5.5 0.01533 0.01571 0.976 3.17 1.44
Intermediary 10 Feb 2008 5.4 0.01497 0.01614 0.928 3.19 1.43
Intermediary 11 Feb 2008 7.8 0.01485 0.01662 0.893 3.29 1.27
Intermediary 12 Feb 2008 8.4 0.01443 0.01569 0.920 3.31 1.25
Intermediary 13 Feb 2008 8.0 0.01454 0.01595 0.912 3.29 1.25
Dry period/post flush 28 Nov 2007 53 0.01470 0.01518 0.968 3.09 1.45
Dry period/post flush 29 Nov 2007 6.0 0.01431 0.01464 0.978 3.12 1.42
Dry period/post flush 30 Nov 2007 5.5 0.01463 0.01484 0.986 3.08 1.45
Dry period/post flush 01 Dec 2007 5.3 0.01417 0.01354 1.046 3.09 1.45
Dry period/post flush 02 Dec 2007 5.4 0.01440 0.01352 1.066 3.13 1.43
Dry period/post flush 03 Dec 2007 54 0.01479 0.01409 1.050 3.11 1.42
Dry period/post flush 04 Dec 2007 6.6 0.01473 0.01498 0.983 3.15 1.39
Dry period/post flush 05 Dec 2007 5.6 0.01469 0.01459 1.007 3.16 1.41
Dry period/post flush 06 Dec 2007 5.7 0.01412 0.01497 0.944 3.20 1.41

“DOC, dissolved organic carbon; CDOM, chromophoric dissolved organic matter (spectral slope S»75_295 and S350 400 and their ratio Sg); SUVA,s4,

specific UV absorbance at 254 nm; FI, fluorescence index.

with a coefficient of variance of less than 2%. For both
CDOM absorbance and fluorescence measurements, all
samples were measured in a 10 mm quartz cuvette at a
constant laboratory temperature of 20°C, in duplicate and
with ultrapure laboratory water (Milli-Q, Millipore) used as
a blank. CDOM absorbance was measured with a Shimadzu
UV-2501PC UV/Vis dual-beam spectrophotometer and
Naperian absorbance coefficients (@ m™") were determined
following Hu et al. [2002]. SUVA,s,4 values were calculated
by dividing the UV absorbance (4) at A = 254 nm by the
DOC concentration (mg L") [Weishaar et al., 2003].
Spectral slope (S) was calculated using a nonlinear fit of an
exponential function to the absorption spectrum over the
ranges 275-295 and 350—400 nm. These ranges were cho-
sen because Helms et al. [2008] observed in an extensive
study of S across a range of aquatic ecosystems and DOM
sources that the first derivative of the natural log spectra
indicated the largest variations in these ranges. The spectral
slope ratio (Sg) was calculated as the ratio of S,75_595 to
S350_400 [Helms et al., 2008]. DOM fluorescence spectra
were measured on a Varian Cary Eclipse spectrofluorometer
with a xenon excitation source and slits were set to 5 nm for
both excitation and emission. A single emission scan was
obtained from 400 to 550 nm at an excitation wavelength of
370 nm, and fluorescence intensity was blank corrected and
also corrected for instrument specific bias and any inner
filter effects [Cory and McKnight, 2005; Spencer et al.,
2007a]. Fluorescence index (FI) was then calculated as the
ratio of fluorescence emission wavelength intensities at 470

and 520 nm at an excitation wavelength of 370 nm
[McKnight et al., 2001; Cory and McKnight, 2005]. Sam-
ples ranged in pH from 5.68 to 5.97 and, thus, were within
the natural range typically observed in freshwaters in which
the response of fluorescence to pH has been previously
shown to be limited [4hmad and Reynolds, 1999; Spencer
et al., 2007b]. As samples were stored frozen, the impact of
freeze/thaw (thawing was conducted in the dark in a
refrigerator at 4°C) was examined on DOC and CDOM
parameters. After freezing and subsequent thawing DOC,
asso, S275,295, S350400, SR: SUVA254, and FI exhibited
changes typically within analytical error and always less
than +2%.

2.4. Lignin Phenol Analysis

[9] Lignin phenols were measured on whole water sam-
ples (~150 mL) acidified to pH 2 with 12 N HCI to mini-
mize precipitation during rotary evaporation, and then rotary
evaporated to ~3 mL. The concentrate was transferred to
monel reaction vessels (Prime Focus, Inc.) and dried under
vacuum centrifugation in preparation for lignin analysis.
Lignin phenols were determined by alkaline CuO oxidation,
followed by acidification and ethyl acetate extraction
[Hedges and Ertel, 1982; Spencer et al., 2008]. Quantifi-
cation was carried out on a GC-MS (Agilent 6890 gas
chromatograph equipped with an Agilent 5973 mass
selective detector and a DB5-MS capillary column; 30 m,
0.25 mm inner diameter, Agilent) using cinnamic acid as an
internal standard and a five-point calibration scheme
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Figure 3. Box plots of (a) DOC and (b) @350 during the
flushing, intermediary, and post flush sampling periods.
The black dash-dotted line and the solid black line in the
box represent the mean and the median, respectively. The
horizontal edges of the box denote the 25th and 75th percen-
tiles, and the error bars denote the 10th and 90th percentiles.

[Hernes and Benner, 2002]. Eight lignin phenols were
quantified for all samples, including three vanillyl phenols
(vanillin, acetovanillone, and vanillic acid), three syringyl
phenols (syringaldehyde, acetosyringone, and syringic acid),
and two cinnamyl phenols (p-coumaric acid and ferulic

G03013

acid). One blank was run for every 10 sample oxidations,
and all samples were blank corrected. Blank concentrations
of lignin phenols were low (30-50 ng) and, thus, never
exceeded 2% of the total lignin phenols in a sample.

3. Results

3.1. Dissolved Organic Carbon

[10] Epulu River DOC concentrations ranged from 5.2 to
9.0 mg L' (mean = 6.7 mg L™'; n = 28; Table 1 and
Figure 3a) dependent on the time of sampling in the annual
hydrological cycle. Concentrations of DOC from the dry
period/post ﬂush were conswtentl}/ lower, ranging from 5.3
to 6.6 mg L' (mean =5.6 mg L n= 9), increasing in the
1ntermed1ary period to 5.2-8.4 mg L (mean=6.7 mg L™

= 9), with highest DOC Values in the ﬂushlng period
rang1ngfrom66to90mgL (mean=7.6mgL ; n=29)
(Table 1 and Figure 3a).

3.2. Chromophoric Dissolved Organic Matter

[11] Chromophoric DOM absorptlon coefficients at
350 nm ranged from 10.41 to 19.20 m' (mean=13.75m " ';
n = 28; Figure 3b) in the Epulu River. Similar to DOC,
CDOM varied seasonally, with a3sy exhibiting highest
values during the flushing period ranging from 13.12 to
19.20 m™" (mean = 15.38 m '; n = 10), lowest values in the
dry period/post flush ranging from 11.47 to 13.58 m'
(mean = 12.48 m™'; n = 9), and with the intermediary period
in between, with values ranging from 10.41 to 16.39 m™'
(mean = 13.20 m™'; n = 9) (Figure 3b).

[12] Spectral slope calculated over the range 275-295 nm
(S275-295) showed little variation in the Epulu River samples
ranging from 0.01533 t00.01412 nm™ ' (mean=0.01472nm"';
n=28; Table 1) and no significant difference between samples
from different times of year. However, S359_400 ranged from
0.01836 to 0.01352 nm ' (mean = 0.01618 nm '; n = 28;
Table 1) over the year. In contrast to S>75295, S350-400
showed seasonal variability with steeper S values associated
with the flushing period ranglng from 0.01836 to 0.01707 nm ™'
(mean = 0.01779 nm'; n = 10) but shallower in the
intermediary period ran%mg from 0.01716 to 0.01562 nm '
(mean = 0.01610 nm = 09). The shallowest S3s0-400
values were observed in the dry period/post flush ranging from
0.01518t00.01352 nm ' (mean=0.01448 nm '; n="9). The Sy
in the Epulu River ranged from 0.796 to 1.066 (mean =
0.916; n = 28; Table 1 and Figure 4a), with seasonal var-
iations driven by changes in S350_400. The lowest Sk values
were observed in the flushing period ranging from 0.796 to
0.872 (mean = 0.834; n = 10) and the highest values in the
dry period/post flush ranging from 0.944 to 1.066 (mean =
1.003; n =9), whereas Sg ranged from 0.865 to 0.976 (mean =
0.920; n = 9) in the intermediary period.

[13] SUVA254 values ranged from 3.08 to 3.57 L mg
C'm"' (mean =326 L mg C' m'; n = 28; Table 1
and Figure 4b). Seasonal variability was observed in
SUVA,s4 with highest values durmg the flushing period,
rangmg from 3.29 t0 3.57 Lmg C ' m ! (mean =3.39 L mg
C "m™'; n = 10), whereas the lowest values were observed
in the dry period/post flush ranglng from 3.08 to 3.20 L mg
C'm "' (mean=3.13 L mg C'm™"; n=9). In the inter-
mediary period SUVA,s4 values fell in between the range
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Figure 4. Box plots of (a) spectral slope ratio Sg,
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shown in the flushing and drfy/post flush periods ranging
from3.17t03.33L mgC 'm ' (mean=3.26 L mgC 'm ';
n="9).

[14] The fluorescence index (FI) ranged from 1.22 to 1.45
(mean = 1.35; n = 28; Table 1 and Figure 4c). As with the
parameters derived from CDOM absorbance, the FI also
showed seasonal variability in the Epulu River samples.
Samples taken during the flushing period had the lowest
values ranging from 1.22 to 1.33 (mean = 1.28; n = 10) and
samples from the dry period/post flush had the highest
values ranging from 1.39 to 1.45 (mean = 1.43; n = 9). As
with the CDOM absorbance-derived parameters, the FI of
samples from the intermediary period was within the ranges
shown during the flushing and dry/post flush periods rang-
ing from 1.25 to 1.44 (mean = 1.34; n = 9).

3.3. Lignin Concentrations and Carbon-Normalized
Yields

[15] Lignin concentrations (Xg) and carbon-normalized
yields (Ag) are presented as the sum of three vanillyl phenols,
three syringyl phenols, and two cinnamyl phenols. g for
the Epulu River samples ranged from 41.9 to 131.9 pug L™
(mean = 77.8 pug L™'; n=26; Table 2 and Figure 5a). Ag and
the carbon-normalized vanillyl yields (V) for Epulu River
samples ranged from 0.78 to 1.47 (mg (100 mg OC)")
(mean = 1.14 (mg (100 mg OC)™'); n = 26) and 0.39 to
0.81 (mg (100 mg OC)") (mean = 0.59 (mg (100 mg
0C)™); n = 26), respectively (Table 2 and Figures 5b and 5c).
Yg, Ag, and V all exhibited temporal variation with highest
concentrations or yields in the flushing period (mean =
97.6 ug L', 1.27 (mg (100 mg OC) ") and 0.68 (mg (100 mg
0C) Y, respectively), declining in the intermediary period
(mean = 76.1 pg L', 1.15 (mg (100 mg OC)™") and 0.60
(mg (100 mg 0C)™ Y, respectively) and with lowest values
in the dry period/post flush (mean = 54.6 pug L', 0.96 (mg
(100 mg OC)") and 0.46 (mg (100 mg OC)™ "), respec-
tively) (Table 2 and Figure 5).

3.4. Lignin Composition

[16] Cinnamyl/vanillyl (C/V) and syringyl/vanillyl phenol
(S/V) ratios in the Epulu River samples ranged from 0.10
to 0.16 (mean = 0.12; n = 26) and 0.71 to 0.84 (mean =
0.79; n = 26), respectively (Table 2). The ratios of vanillic
acid to vanillin (Ad/Al), and syringic acid to syringaldehyde
(Ad/Al) ranged from 1.08 to 1.17 (mean = 1.13; n =26) and
0.80 to 0.91 (mean = 0.86; n = 26), respectively (Table 2).
The C/V, S/V, (Ad/Al),, and (Ad/Al), ratios did not show
any significant temporal trends.

4. Discussion

4.1. Epulu River Dissolved Organic Matter Temporal
Trends

[17] The DOC and dissolved lignin phenol concentrations
(2Xg) in the Epulu River are high in comparison to other
studied rivers (Tables 1 and 2 and Figures 3a and 5a) and
highlight the organic-rich nature of the Ituri tropical rain-
forest ecosystem [Koenig, 2008]. Epulu River DOC con-
centrations are comparable to previously reported DOC
concentrations in the Congo River and its tributaries [ Coynel
et al., 2005; Spencer et al., 2009a] and in other rivers
draining tropical rainforest [Hedges et al., 1994; Battin,
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Table 2. Epulu River Dissolved Organic Carbon, Lignin Phenol Concentration, Carbon-Normalized Yield, Vanillyl Carbon-Normalized
Yield, Cinnamyl/Vanillyl Phenol Ratios, Syringyl/Vanillyl Phenol Ratios, Vanillic Acid/Vanillin Ratios, and Syringic Acid/Syringaldehyde

Ratios®
DOC g Ag \%

Sampling Period Date mgL™) (gL (mg(100mgOC)™") (mg(100mgOC)™) C/V SV (AdAD, (Ad/Al)
Wet/flushing 16 Apr 2008 9.0 131.9 1.47 0.81 0.10 0.80 1.11 0.86
Wet/flushing 17 Apr 2008 8.7 125.2 1.44 0.76 0.10  0.79 1.15 0.88
Wet/flushing 18 Apr 2008 8.5 107.8 1.27 0.71 0.10 0.71 1.15 0.87
Wet/flushing 19 Apr 2008 7.6 94.4 1.24 0.66 0.10 0.79 1.14 0.91
Wet/flushing 20 Apr 2008 6.8 83.0 1.21 0.66 0.10 0.76 1.14 0.83
Wet/flushing 21 Apr 2008 6.9 84.5 1.23 0.66 0.10 0.77 1.12 0.84
Wet/flushing 23 Apr 2008 8.0 111.9 1.39 0.72 0.12  0.81 1.12 0.85
Wet/flushing 25 Apr 2008 7.2 91.4 1.27 0.66 0.12  0.81 1.11 0.85
Wet/flushing 26 Apr 2008 6.9 713 1.12 0.59 0.12  0.80 1.13 0.86
Wet/flushing 27 Apr 2008 6.6 68.8 1.05 0.60 0.10 0.78 1.09 0.82
Intermediary 05 Feb 2008 7.4 78.6 1.07 0.57 0.10 0.77 1.11 0.82
Intermediary 06 Feb 2008 6.8 90.0 1.32 0.68 0.11 0.84 1.14 0.84
Intermediary 07 Feb 2008 6.0 64.8 1.09 0.57 0.12  0.80 1.08 0.84
Intermediary 08 Feb 2008 52 54.1 1.05 0.54 0.14 0.82 1.08 0.83
Intermediary 09 Feb 2008 5.5 51.8 0.94 0.49 0.12  0.79 1.12 0.81
Intermediary 10 Feb 2008 5.4 60.4 1.11 0.57 0.14 0.80 1.10 0.85
Intermediary 11 Feb 2008 7.8 101.6 1.31 0.69 0.11  0.78 1.12 0.88
Intermediary 12 Feb 2008 8.4 107.2 1.28 0.68 0.11  0.76 1.17 0.89
Intermediary 13 Feb 2008 8.0 - - - - - - -
Dry period/post flush 28 Nov 2007 53 46.8 0.88 0.45 0.12  0.79 1.16 0.89
Dry period/post flush 29 Nov 2007 6.0 60.5 1.02 0.49 0.15 0.81 1.11 0.88
Dry period/post flush 30 Nov 2007 5.5 56.0 1.02 0.48 0.11 0.78 1.17 0.86
Dry period/post flush 01 Dec 2007 53 - - - - - - -
Dry period/post flush 02 Dec 2007 5.4 41.9 0.78 0.39 0.16 0.78 1.12 0.86
Dry period/post flush 03 Dec 2007 5.4 52.0 0.96 0.49 0.11  0.79 1.16 0.80
Dry period/post flush 04 Dec 2007 6.6 66.2 1.00 0.45 0.11  0.80 1.15 0.89
Dry period/post flush 05 Dec 2007 5.6 542 0.96 0.44 0.13  0.80 1.11 0.90
Dry period/post flush 06 Dec 2007 5.7 59.3 1.04 0.50 0.13  0.79 1.10 0.85

“DOC, dissolved organic carbon; ¥, lignin phenol concentration; Ag, carbon-normalized yield; V, vanillyl carbon-normalized yield; C/V, cinnamyl/
vanillyl phenol ratios; S/V, syringyl/vanillyl phenol ratios; (Ad/Al),, vanillic acid/vanillin ratios; (Ad/Al),, syringic acid/syringaldehyde ratios.

1998]. The mean ¥g value for the Epulu River of 77.8 ug
L' is comparable to concentrations for the main stem of the
Congo River (76.5 ug L") [Spencer et al., 2009a], black-
water tributaries of the Amazon (up to 72 pg L) [Ertel
et al., 1986], and the Yukon River at the height of the
spring flush (up to 73.5 pg L") [Spencer et al., 2008].
Maximum DOC concentrations during flushing events as
observed in the Epulu River have been reported previously
in a diverse range of watersheds including other tropical
rivers [Newbold et al., 1995; Coynel et al., 2005], temperate
rivers [Inamdar et al., 2006; Fellman et al., 2009], and
northern high-latitude rivers [Raymond et al., 2007; Striegl
et al., 2007]. As with DOC, the highest g values for the
Epulu River occurred during the April flushing period (up to
131.9 ug L™'; Table 2 and Figure 5a) and are comparable to
values from blackwater tributaries of the Yukon River (e.g.,
Hess Creek, 124.4 g L™ and Black River, 114.9 ug L)
during the spring flush period [Spencer et al., 2008] and
storm event samples from a Californian agricultural catch-
ment (107 pug L") [Hernes et al., 2008]. To further assess
relative contributions of vascular plant-derived material to
organic matter pools, carbon-normalized lignin yields (Ag)
are frequently used. The mean Ag value of 1.14 (mg (100 mg
OC) ") in the Epulu River is high when compared to pre-
viously studied rivers, including the main stem of the Congo
River (0.72 (mg (100 mg OC) ")) [Spencer et al., 2009a].
This elevated Ag is indicative of high vascular plant inputs
to the Epulu River.

[18] Carbon-normalized yields based on solely the
vanillyl phenols (V) has recently been suggested by Hernes
et al. [2007] as a representative end-member for estimation
of vascular plant inputs to DOM in riverine systems, as it
removes the variation in sources and reactivity associated
with syringyl and cinnamyl phenols. In the Epulu River
samples, V was typically greater than the combined sum of
the carbon-normalized syringyl and cinnamyl phenol yields
(Table 2) as has been observed in other rivers [Lobbes et al.,
2000; Spencer et al., 2008, 2009a;|. The Epulu River mean
V yield of 0.59 (mg (100 mg OC) ) is comparable to that of
0.62 (mg (100 mg OC)™") observed in storm events in a
Californian agricultural catchment by Hernes et al. [2007]
and 0.67 (mg (100 mg OC)™") in high molecular weight
(HMW) DOC in the Amazon River [Hedges et al., 2000].
Employing the mean leachate/sorption end-member V yield
of 1.53 (mg (100 mg OC) ') from an assorted range of
angiosperm and gymnosperm sources [Hernes et al., 2007]
and the Epulu River mean V yield, it is estimated that the
vascular plant component of DOC is 39% in the Epulu
River. Utilizing this end-member V yield for samples from
the flushing period (mean V yield = 0.68 (mg (100 mg
0C) ") and dry period/post flush (mean V yield = 0.46 (mg
(100 mg OC) ")) results in an estimated vascular plant
component of DOC as 44% and 30%, respectively, dem-
onstrating temporal variation in the Epulu River with
highest inputs during the flushing period in April. However,
the actual vascular plant component of the Epulu River

7 of 12



G03013

140
a.)
120 T
v 100 |
—
)]
=2
w —
80 L I
N —
40 T T T
Flushing Intermediary Post flush
Sampling Period
1.5
T b)
1.4
o 13-
o) I
g 124
o . —
o
= 1149 l
)]
E 10
© ]
<
0.9
0.8 T T T
Flushing Intermediary Post flush
Sampling Period
0.9
c.)
—~ 0.8 A T
3
Q
o
o 0.7 L
1S
o
=)
T 0.6 ——
)]
E
o -
0.4 T T T

Flushing Intermediary Post flush

Sampling Period
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could be even higher than that estimated here if DOM sources
within the catchment generate lower carbon-normalized
yields [Spencer et al., 2008], and this seems likely in an
organic-rich tropical river such as the Epulu.

[19] The ratio of spectral slopes (Sg) was developed as a
rapid and easily reproducible method for characterizing
CDOM and has been correlated to molecular weight and
source, i.e., samples of greater allochthonous character with
higher molecular weight DOM have lower Sy values [Helms
et al., 2008]. The range of Sy in the Epulu River samples
(0.796-1.066; Table 1 and Figure 4a) is comparable to that
from other allochthonous dominated freshwater systems
[Helms et al., 2008; Spencer et al., 2009a, 2009b]. SUVA,s4
has been positively correlated to the percentage of aroma-
ticity of DOM [Weishaar et al., 2003] and the range of
values observed in the Epulu River are comparable to the
temporal variation observed in other rivers (Table 1 and
Figure 4b) [Hood et al., 2005; Spencer et al., 2008; Fellman
et al., 2009]. The fluorescence index (FI) changes with
aromaticity and indicates the relative contribution of lower
molecular weight nonaromatic DOM versus HMW aromatic
DOM [McKnight et al., 2001; Cory and McKnight, 2005;
Asrat et al., 2007]. For example, fulvic acids with aromati-
cities of 12%—17% yielded FI values of 1.7-2.0, while fulvic
acid samples including Suwannee River with aromaticities of
25%—-30% yielded FI values of 1.3—1.4 [McKnight et al.,
2001]. FI is conceptually similar to utilization of the emis-
sion wavelength of the fulvic-like fluorophore (excitation
300-350 nm, emission 400460 nm), which has also been
linked to DOM hydrophobicity and its functional properties
[Baker et al., 2008a] and DOM source [Spencer et al.,
2007a]. The range of FI values in the Epulu River (1.22—
1.45) are typical of those observed in allochthonous domi-
nated rivers (Table 1 and Figure 4c) [McKnight et al., 2001;
Cory et al., 2007]. Fluorescence index was observed to be
linearly correlated to SUVA,s4 and Sk (r2 =0.81; p <0.001
and 0.70; p < 0.001, respectively; n = 28) and SUVA;s4
and Sg were linearly correlated to one another (% = 0.83; p <
0.001; n = 28), emphasizing the common drivers of aroma-
ticity and molecular weight underlying these measurements.

[20] The observed temporal variation in Epulu River
DOC, X, Ag, and V with elevated values in the flushing
period, declining in the intermediary period and exhibiting
lowest values in the dry period/post flush (Tables 1 and 2
and Figures 3a and 5) is indicative of different DOM
source pools, hydrologic flow paths, and residence times
between the sampling periods [McGlynn and McDonnell,
2003; Striegl et al., 2005]. The highest riverine DOC, ¥g,
Ag, and V values are observed during the period of high
rainfall after the dry period due to increased surface runoff
and leaching of organic rich horizons [Neff et al., 2006;
Spencer et al., 2008] during the April flushing period. For
example, during this flushing period, the highest Ag values
(Table 2 and Figure 5b) are comparable to those observed
by Hernes et al. [2008] (up to 1.6 (mg (100 mg OC)™ ")),
during storm events in a Californian agricultural catchment
concurrent with strong leaching of surface vegetation and
organic rich soil layers. Conversely, lower DOC, g, Asg,
and V values are observed in the dry period/post flush likely
due to increased flow path, residence time, and, thus greater
microbial mineralization of DOM [Striegl et al., 2005], as
well as due to previous extensive flushing of the organic rich

8 of 12



G03013

horizons during the preceding wet period (August through
October; Figure 2). The extensive flushing of the organic-
rich surface layers in the August through October wet period
subsequently contributes to lower Ag and V yields during
the dry period/post flush sampling period, as lignin phenols
have been shown to leach at a faster rate than the bulk DOC
pool [Spencer et al., 2009b]. The intermediary period shows
a large range of DOC, Xg, Ag, and V values driven by storm
pulses as this period undergoes flushing and drying cycles
during the transition out of the dry season. Such variation in
the DOM source pools and processing has previously been
shown in temperate and northern high-latitude rivers to
impact DOC concentration and to cause shifts in the bio-
chemical composition, age, and reactivity of DOM [Holmes
et al., 2008; Fellman et al., 2009; Sanderman et al., 2009].

[21] The larger relative terrestrial signature as evidenced
by the higher Ag and V values in the Epulu River during the
April flushing period is supported by the trends in the
CDOM data. The lowest Sg, highest SUVA,s,4, and lowest
FI values (Table 1 and Figure 4) observed during the post
dry flushing period indicate that DOM in this period is
enriched in HMW compounds and aromatic moieties com-
pared to other times of year due to the leaching of fresh
organic rich layers [Neff et al., 2006; Spencer et al., 2008].
The highest FI and Sk values and lowest SUVA,s, values
were found in the dry period/post flush, indicating that
DOM is relatively less aromatic in nature at this time due to
a shift in source pools (i.e., this material is already heavily
leached from the earlier wet period of August through
October), hydrologic flow paths, and residence times
between the sampling periods [McGlynn and McDonnell,
2003; Striegl et al., 2005]. Therefore DOM in the Epulu
River exhibits temporal variations in its composition, which
presumably have a significant impact upon its reactivity in
aquatic ecosystems.

4.2. Epulu River Lignin Composition Temporal Trends

[22] The ratios of syringyl (S) and cinnamyl (C) phenols
to the ubiquitous vanillyl phenols (V) are used to discrimi-
nate between angiosperm and gymnosperm sources (S/V)
and between nonwoody and woody tissues (C/V) as syringyl
phenols and cinnamyl phenols are specific to angiosperms
and nonwoody tissues, respectively [Hedges and Mann,
1979]. In the Epulu River samples, these ratios showed no
temporal trends and mean ratios of C/V (0.12) and S/V
(0.79) are comparable to those observed in the Congo River
[0.15 and 0.68, respectively; Spencer et al., 2009a]. The C/V
and S/V ratios in the Epulu River point toward the domi-
nance of angiosperm sources in the region [Hart, 1995;
Makana et al., 2004], if no phase change fractionation or
degradation has taken place [Hedges and Mann, 1979;
Hernes et al., 2007]. The ratios of vanillic acid to vanillin
(Ad/Al), and syringic acid to syringaldehyde (Ad/Al)s have
been shown to have increased relative yields in degradation
experiments [Opsahl and Benner, 1995; Hernes and
Benner, 2003; Spencer et al., 2009a]. Hernes et al. [2007]
also showed that the processes of leaching and sorption
can result in the fractionation of lignin phenols including the
relative increase of (Ad/Al), and (Ad/Al), thus, these ratios
may not be indicative solely of degradation in riverine
studies. Epulu River (Ad/Al), and (Ad/Al), ratios showed no
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temporal trends and mean ratios of 1.13 and 0.86, respec-
tively. These (Ad/Al), and (Ad/Al), ratios are lower than
those observed in the Congo River main stem (1.38 and
1.11, respectively) [Spencer et al., 2009a] and may reflect
fresher DOM in the small tributaries with lower residence
times and degradation or other sources throughout the
Congo Basin with elevated (Ad/Al), and (Ad/Al), ratios.
Previous riverine studies employing lignin have shown (Ad/
Al), and (Ad/Al) ratios that are comparable to each other
from a diverse range of systems [Lobbes et al., 2000;
Hedges et al., 2000; Hernes et al., 2008], thus suggesting
that (Ad/Al), and (Ad/Al); are primarily governed by
common sources and physicochemical processing as
opposed to degradation.

4.3. Relationships Between DOC, Lignin, and CDOM

[23] The absorption coefficient of CDOM has previously
been utilized as a proxy for DOC in rivers as it is rapid and
inexpensive to measure [Worrall et al., 2003; Baker et al.,
2008b] and can also be measured in situ to allow for
increased spatial and temporal resolution [Spencer et al.,
2007c; Downing et al., 2009]. Epulu River asso values
exhibited the same temporal trend as DOC (Figure 3) and a
strong linear relationship was found between a359 and DOC
(** = 0.85; p <0.001; n = 28). This further demonstrates the
potential of CDOM absorption measurements to derive
fluxes of DOC from rivers that have been “ground truthed”
[Spencer et al., 2009D].

[24] The utility of molecular biomarkers such as lignin
phenols for investigating organic biogeochemical sources
and processing has been extensively demonstrated. How-
ever, analysis of lignin phenols is expensive and analytically
intensive, thus making it poorly suited for the detailed
temporal and spatial measurements that are often required to
understand complex highly dynamic natural systems. Tem-
poral and spatial coverage of DOM dynamics can be greatly
improved by combining CDOM measurements that have
been “ground truthed” to molecular biomarkers such as
lignin, as has been shown in estuarine [Hernes and Benner,
2003], agricultural river [Hernes et al., 2008], and high-
latitude northern river [Spencer et al., 2008, 2009b] systems.
In this tropical riverine system, asso was strongly linearly
correlated with X5 (% = 0.83; p < 0.001; n = 26), indicating
that g and DOC fluxes (see above) from tropical rivers can
be reliably derived from CDOM absorption coefficients.
Such measurements will allow for the quantification of
fluxes of DOC and g from CDOM but do not assist in
delineating its role in the environment because the spectral
parameters of CDOM are largely independent of concen-
tration [Del Vecchio and Blough, 2004; Helms et al., 2008].
In order to “ground truth” CDOM measurements associated
with compositional properties, we investigated relationships
between lignin carbon-normalized yields (Ag and V) and
CDOM measurements related to aromaticity and molecular
weight (i.e., Sg, SUVA,s4, and FI). Linear correlations were
observed between Ag and S, SUVA,s4, and FI (r2 =0.69,
0.77, and 0.75, respectively; p < 0.001; Figure 6). Linear
correlations were also observed between V and Sy,
SUVA,s, and FI (r2 =0.78, 0.84, and 0.82, respectively; p <
0.001). These relationships indicate that lignin has a fun-
damental role in CDOM measurements related to aroma-
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ticity, which are used to assess DOM quality. As such these
simple and inexpensive optical properties show great
potential for future studies aiming to assess the quality and
composition of DOM in tropical riverine systems. The
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prospective of “ground truthing” CDOM measurements to an
array of biomarkers and indicators of DOM reactivity (e.g.,
lability) serves to increase our fundamental understanding
of DOM catchment dynamics [Cory et al., 2007; Fellman
et al., 2009].

5. Conclusions

[25] To date there has been little work on DOM dynamics
in tropical ecosystems, and there is especially a lack of data
on temporal variation in DOM quality. Although tropical
rainforest systems do not undergo the temporal variability
with respect to seasonal climatic extremes observed in
temperate and northern high-latitude rivers, this study
clearly shows both temporal variation in DOM quantity and
more significantly DOM quality. Previous studies in tem-
perate and northern high-latitude rivers have shown the
potential to use CDOM-derived optical measurements to
examine temporal changes in DOM composition [Hernes
et al., 2008; Spencer et al., 2008, 2009b] and to exam-
ine lability [Fellman et al., 2009] in riverine systems. Here
we show the possibility of deriving DOC and lignin phenol
fluxes from CDOM measurements in a tropical river sys-
tem. This study also shows the ability to track DOM
quality by relating lignin carbon-normalized yields (which
indicate the contribution of vascular plant-derived material
in the DOM pool) to simple optical measurements (e.g.,
Sr, SUVA,s4, and FI). CDOM-derived measurements,
such as Sy and FI, can be measured in situ and, thus, allow
for increased temporal and spatial coverage to elucidate
DOM catchment dynamics.

[26] The temporal variability in DOM quality in the Epulu
River is attributed to greater surface runoff and leaching of
the organic-rich horizons during the April wet period and
increased flow path, residence time, and, therefore, greater
microbial mineralization in the intermediary period in con-
junction with an already well-leached source material in the
dry period/post flush [Strigel et al., 2005; Spencer et al.,
2008]. This shift in DOM source and processing results in
DOM exported during the flushing period with greater
HMW and more aromatic character (as indicated by the
CDOM quality measurements and the higher Ag and V
yields) versus DOM exported during the dry period/post
flush. In high-latitude northern rivers, DOM exported dur-
ing the spring flush has a greater proportion derived from
vascular plant sources than at other times of the year (i.c.,
higher Ag and V yields as well as relatively lower Sg and
higher SUVA,s4 values [Neff et al., 2006; Spencer et al.,
2008, 2009b]) and has also been shown to be younger,
more labile, and more photoreactive [Raymond et al., 2007,
Holmes et al., 2008; Osburn et al., 2009]. Thus, it seems
likely that the Epulu River and other tropical rivers during
wet periods are exporting a greater proportion of freshly
leached plant material that tends to be highly labile and
more susceptible to photochemical degradation. Therefore,
temporal variations in DOM quality in tropical rivers will
impact the fundamental role the material plays in the
receiving ecosystem’s biogeochemistry. Future work is
urgently required to better constrain and understand the
dynamics and ultimate fate of tropical riverine DOM, which
represents >28% of all terrestrial DOC inputs to the oceans
[Coynel et al., 2005].

10 of 12



G03013

[27] Acknowledgments. We would like to thank Cort Anastasio for
use of the Shimadzu UV-2501PC UV/Vis spectrophotometer and Tad
Doane, Sarah Flores, and Tim Ingrum for their assistance. We thank Kevin
Burkhill at the University of Birmingham for producing Figure 1. Finally,
R.G.M.S. is very grateful to Major Paul Naish (RET. South African Army)
of African Byways for sharing information garnered from his antipoaching
intelligence/information gathering work in the Democratic Republic of
Congo and his assistance in getting this project off the ground.

References

Ahmad, S. R., and D. M. Reynolds (1999), Monitoring of water quality
using fluorescence technique: prospect of online process control, Water
Res., 33, 2069-2074.

Aitkenhead, J. A., and W. H. McDowell (2000), Soil C:N ratio as a pre-
dictor of annual riverine DOC flux at local and global scales, Global
Biogeochem. Cycles, 14(1), 127-138.

Asrat, A., A. Baker, M. U. Mohammed, M. J. Leng, P. V. Calsteren, and
C. Smith (2007), A high-resolution mulit-proxy stalagmite record from
Mechara, Southeastern Ethiopia: palacohydrological implications for spe-
leothem palaeoclimate reconstruction, J. Quarternary Sci., 22, 53—63.

Baccini, A., N. Laporte, S. J. Goetz, M. Sun, and H. Dong (2008), A first
map of tropical Africa’s above-ground biomass derived from satellite
imagery, Environ. Res. Lett., 3, 045011.

Baker, A., E. Tipping, S. A. Thacker, and D. Gondar. (2008a), Relating dis-
solved organic matter fluorescence and functional properties, Chemosphere,
73, 1765-1772.

Baker, A., L. Bolton, M. Newson, and R. G. M. Spencer (2008b), Spec-
trophotometric properties of surface water dissolved organic matter in
an afforested upland peat catchment, Hydrocarbon Process., 22,
2325-2336.

Battin, T. J. (1998), Dissolved organic matter and its optical properties in a
blackwater tributary of the upper Orinoco River, Venezuela, Org. Geochem.,
28, 561-569.

Cory, R. M., and D. M. McKnight (2005), Fluorescence spectroscopy
reveals ubiquitous presence of oxidized and reduced quinones in dis-
solved organic matter, Environ. Sci. Technol., 39, 8142-8149.

Cory, R. M., D. M. McKnight, Y. P. Chin, P. Miller, and C. L. Jaros
(2007), Chemical characteristics of fulvic acids from Arctic surface
waters: Microbial contributions and photochemical transformations,
J. Geophys. Res., 112, G04S51, doi:10.1029/2006JG000343.

Coynel, A., P. Seyler, H. Etcheber, M. Meybeck, and D. Orange (2005),
Spatial and seasonal dynamics of total suspended sediment and organic
carbon species in the Congo River, Global Biogeochem. Cycles, 19(4),
GB4019, doi:10.1029/2004GB002335.

Dalzell, B. J., T. R. Filley, and J. M. Harbor (2005), Flood pulse influences
on terrestrial organic matter export from an agricultural watershed,
J. Geophys. Res., 110(G2), G02011, doi:10.1029/2005JG000043.

Del Vecchio, R., and N. V. Blough (2004), On the origin of the optical
properties of humic substances, Environ. Sci. Technol., 38, 3885-3891.

Downing, B. D., E. Boss, B. A. Bergamaschi, J. A. Fleck, M. A. Lionberger,
N. K. Ganju, D. H. Schoellhamer, and R. Fujii (2009), Quantifying fluxes
and characterizing compositional changes of dissolved organic matter in
aquatic systems in situ using combined acoustic and optical measurements,
Limnol. Oceanogr. Methods, 7, 119-131.

Duveiller, G., P. Defourny, B. Desclee, and P. Mayaux (2008), Deforesta-
tion in central Africa: Estimates at regional, national and landscape levels
by advanced processing of systematically distributed Landsat extracts,
Remote Sens. Environ., 112, 1969-1981.

Ertel, J. R., J. 1. Hedges, A. H. Devol, J. E. Richey, and M. D. G. Ribeiro
(1986), Dissolved humic substances of the Amazon River system, Limnol.
Oceanogr., 31, 739-754.

Evans, C. D., C. Freeman, L. G. Cork, D. N. Thomas, B. Reynolds, M. F.
Billett, M. H. Garnett, and D. Norris (2007), Evidence against recent
climate-induced destablisation of soil carbon from '*C analysis of riv-
erine dissolved organic matter, Geophys. Res. Lett., 34(7), L07407,
doi:10.1029/2007GL029431.

Fellman, J. B., E. Hood, R. T. Edwards, and D. V. D’Amore (2009),
Changes in the concentration, biodegradability, and fluorescent proper-
ties of dissolved organic matter during stormflows in coastal temperate
watersheds, J. Geophys. Res., 114, G01021, doi:10.1029/2008JG000790.

Hart, T. B. (1995), Seed, seedling and subcanopy survival in monodomi-
nant and mixed forests of the Ituri Forest, Africa, J. Trop. Ecol., 11,
443-459.

Hedges, J. L., and J. R. Ertel (1982), Characterization of lignin by gas cap-
illary chromatography of cupric oxide oxidation-products, Anal. Chem.,
54, 174-178.

Hedges, J. I, and D. C. Mann (1979), Characterization of plant tissues by their
lignin oxidation products, Geochim. Cosmochim. Acta, 43, 1803—1807.

SPENCER ET AL.: TROPICAL RIVERINE DOM BIOGEOCHEMISTRY

G03013

Hedges, J. 1., G. L. Cowie, J. E. Richey, P. D. Quay, R. Benner, M. Strom,
and B. R. Forsberg (1994), Origins and processing of organic matter in the
Amazon River as indicated by carbohydrates and amino acids, Limnol.
Oceanogr., 39, 743-761.

Hedges, J. L., et al. (2000), Organic matter in Bolivian tributaries of the
Amazon River: A comparison to the lower main stream, Limnol.
Oceanogr., 45, 1449-1466.

Helms, J. R., A. Stubbins, J. D. Ritchie, E. C. Minor, D. J. Kieber, and
K. Mopper (2008), Absorption spectral slopes, and slope ratios as indica-
tors of molecular weight, source, and photobleaching of chromophoric dis-
solved organic matter, Limnol. Oceanogr., 53, 955-969.

Hernes, P. J., and R. Benner (2002), Transport and diagenesis of dissolved
and particulate terrigenous organic matter in the North Pacific Ocean,
Deep Sea Res. Part I, 49(12), 2119-2132.

Hernes, P. J., and R. Benner (2003), Photochemical and microbial degra-
dation of dissolved lignin phenols: Implications for the fate of terrige-
nous dissolved organic matter in marine environments, J. Geophys.
Res., 108(C9), 3291, doi:10.1029/2002JC001421.

Hernes, P. J., A. C. Robinson, and A. K. Aufdenkampe (2007), Fraction-
ation of lignin during leaching and sorption and implications for organic
matter “freshness.” Geophys. Res. Lett., 34(17), L17401, doi:10.1029/
2007GL031017.

Hernes, P. J., R. G. M. Spencer, R. Y. Dyda, B. A. Pellerin, P. A. M.
Bachand, and B. A. Bergamaschi (2008), The role of hydrologic regimes
on dissolved organic carbon composition in an agricultural watershed,
Geochim. Cosmochim. Acta, 72, 5266-5277.

Holmes, R. M., J. W. McClelland, P. A. Raymond, B. B. Frazer, B. J.
Peterson, and M. Stieglitz (2008), Lability of DOC transported by Alaskan
rivers to the Arctic Ocean, Geophys. Res. Lett., 35(3), L03402,
doi:10.1029/2007GL032837.

Hood, E., M. W. Williams, and D. M. McKnight (2005), Sources of dis-
solved organic matter (DOM) in a Rocky Mountain stream using chem-
ical fractionation and stable isotopes, Biogeochem., 74, 231-255.

Hood, E., J. Fellman, and R. T. Edwards (2007), Salmon influences on dis-
solved organic matter in a coastal brown-water stream: An application of
fluorescence spectroscopy, Limnol. Oceanogr., 52, 1580-1587.

Hu, C. M., F. E. Muller-Karger, and R. G. Zepp (2002), Absorbance,
absorption coefficient, and apparent quantum yield: A comment on com-
mon ambiguity in the use of these optical concepts, Limnol. Oceanogr.,
47(4), 1261-1267.

Inamdar, S. P., N. O’Leary, M. J. Mitchell, and J. T. Riley (2006), The
impact of storm events on solute exports from a glaciated forested water-
shed in western New York, USA, Hydrol. Processes, 20, 3423-3439.

Katuala, P. G. B., J. A. Hart, R. Hutterer, H. Leirs, and A. Dudu (2005),
Biodiversity and ecology of small rodents (Rodents and Shrews) of the
“Reserve de Faune a Okapis,” Democratic Republic of the Congo, Belg.
J. Zool., 135, 191-196.

Koenig, R. (2008), Critical time for African rainforests, Science, 320,
1439-1441.

Laporte, N. T., J. A. Stabach, R. Grosch, T. S. Lin, and S. J. Goetz
(2007), Expansion of industrial logging in central Africa, Science,
316, 1451-1451.

Lobbes, J. M., H. P. Fitznar, and G. Kattner (2000), Biogeochemical char-
acteristics of dissolved and particulate organic matter in Russian rivers
entering the Arctic Ocean, Geochim. Cosmochim. Acta, 64, 2973-2983.

Makana, J. R., T. B. Hart, L. Liengola, C. Ewango, J. A. Hart, and R. Condit
(2004), Tturi Forest Dynamics Plots, Democratic Republic of Congo, in
Tropical Forest Diversity and Dynamism: Findings From a Large-Scale
Plot Network, edited by E. C. Losos and E. G. Leigh, pp. 492-505, Univ.
of Chicago Press.

McGlynn, B. L., and J. J. McDonnell (2003), Role of discrete landscape
units in controlling catchment dissolved organic carbon dynamics, Water
Resour. Res., 39(4), 1090, doi:10.1029/2002WR001525.

McKnight, D. M., E. W. Boyer, P. K. Westerhoff, P. T. Doran, T. Kulbe,
and D. T. Andersen (2001), Spectrofluorometric characterization of dis-
solved organic matter for indication of precursor organic material and
aromaticity, Limnol. Oceanogr., 46, 38—48.

Neff, J. C., J. C. Finlay, S. A. Zimov, S. P. Davydov, J. J. Carrasco, E. A. G.
Schuur, and A. 1. Davydova (2006), Seasonal changes in the age and
structure of dissolved organic carbon in Siberian rivers and streams,
Geophys. Res. Lett., 33(23), L23401, doi:10.1029/2006GL028222.

Newbold, J. D., B. W. Sweeney, J. K. Jackson, and L. A. Kaplan (1995),
Concentrations and export of solutes from 6 mountain streams in north-
western Costa Rica, J. N. Am. Benthol. Soc., 14, 21-37.

Opsahl, S., and R. Benner (1995), Early diagenesis of vascular plant tis-
sues, lignin and cutin decomposition and biogeochemical implications,
Geochim. Cosmochim Acta., 59(23), 4889—-4904.

11 of 12



G03013

Osburn, C. L., L. Retamal, and W. F. Vincent (2009), Photoreactivity of
chromophoric dissolved organic matter transported by the Mackenzie
River to the Beaufort Sea, Mar. Chem., 115, 10-20.

Raymond, P. A., J. W. McClelland, R. M. Holmes, A. V. Zhulidov, K. Mull,
B.J. Peterson, R. G. Striegl, G. R. Aiken, and T. Y. Gurtovaya (2007), Flux
and age of dissolved organic carbon exported to the Arctic Ocean: A car-
bon isotopic study of the five largest rivers, Global Biogeochem. Cycles,
21(4), GB4011, doi:10.1029/2007GB002934.

Sanderman, J., K. A. Lohse, J. A. Baldock, and R. Amundson (2009), Link-
ing soils and streams: Sources and chemistry of dissolved organic matter
in a small coastal watershed, Water Resour. Res., 45(3), W03418,
doi:10.1029/2008WR006977.

Spencer, R. G. M., A. Baker, J. M. E. Ahad, G. L. Cowie, R. Ganeshram,
R. C. Upstill-Goddard, and G. Uher (2007a), Discriminatory classifica-
tion of natural and anthropogenic waters in two U.K. estuaries, Sci. Total
Environ., 373, 305-323.

Spencer, R. G. M., L. Bolton, and A. Baker (2007b), Freeze/thaw and pH
effects on freshwater dissolved organic matter fluorescence and absor-
bance properties from a number of U.K. locations, Water Res., 41,
2941-2950.

Spencer, R. G. M., B. A. Pellerin, B. A. Bergamascui, B. D. Downing, T. E. C.
Kraus, D. R. Smart, R. A. Dahlgren, and P. J. Hernes (2007¢), Diurnal
variability in riverine dissolved organic matter composition determined
by in-situ optical measurement in the San Joaquin River (California,
U.S.A.), Hydrol. Processes, 21, 3181-3189.

Spencer, R. G. M., G. R. Aiken, K. P. Wickland, R. G. Striegl, and P. J.
Hernes (2008), Seasonal and spatial variability in dissolved organic mat-
ter quantity and composition from the Yukon River basin, Alaska, Global
Biogeochem. Cycles, 22(4), GB4002, doi:10.1029/2008GB003231.

Spencer, R. G. M., et al. (2009a), Photochemical degradation of dissolved
organic matter and dissolved lignin phenols from the Congo River,
J. Geophys. Res., 114, G03010, doi:10.1029/2009JG000968.

Spencer, R. G. M., G. R. Aiken, K. D. Butler, M. M. Dornblaser, R. G.
Striegl, and P. J. Hernes (2009b), Utilizing chromophoric dissolved
organic matter measurements to derive export and reactivity of dissolved
organic carbon to the Arctic Ocean: A case study of the Yukon River,

SPENCER ET AL.: TROPICAL RIVERINE DOM BIOGEOCHEMISTRY

G03013

Alaska, Geophys. Res. Lett., 36(6), L06401, doi:10.1029/
2008GL036831.

Striegl, R. G., G. R. Aiken, M. M. Dornblaser, P. A. Raymond, and K. P.
Wickland (2005), A decrease in discharge-normalized DOC export by
the Yukon River during summer through autumn, Geophys. Res. Lett.,
32(21), L21413, doi:10.1029/2005GL024413.

Striegl, R. G., M. M. Domblaser, G. R. Aiken, K. P. Wickland, and P. A.
Raymond (2007), Carbon export and cycling by the Yukon, Tanana, and
Porcupine rivers, Alaska, 2001-2005, Water Resour. Res., 43(2),
W02411, doi:10.1029/2006WR005201.

Stubbins, A., V. Hubbard, G. Uher, C. S. Law, R. C. Upstill-Goddard,
G. R. Aiken, and K. Mopper (2008), Relating carbon monoxide photo-
production to dissolved organic matter functionality, Environ. Sci. Tech.,
42, 3271-3276.

Weishaar, J. L., G. R. Aiken, B. A. Bergamaschi, M. S. Fram, R. Fuji, and
K. Mopper (2003), Evaluation of specific ultraviolet absorbance as an
indicator of the chemical composition and reactivity of dissolved organic
carbon, Environ. Sci. Technol., 37, 4702-4708.

Worrall, F., T. Burt, and R. Shedden (2003), Long term records of riverine
dissolved organic matter, Biogeochem., 64, 165-178.

A. Baker, Connected Waters Initiative, Water Research Laboratory,
University of New South Wales, 110 King Street, Manly Vale, NSW,
2093, Australia.

R. Y. Dyda, J. Six, and R. G. M. Spencer, Department of Plant Sciences,
University of California-Davis, One Shields Avenue, Davis, CA 95616,
USA. (rgspencer@ucdavis.edu)

P. J. Hernes, Department of Land, Air and Water Resources, University
of California-Davis, One Shields Avenue, Davis, CA 95616, USA.

R. Ruf, The Okapi Breeding and Research Station, Institute in Congo for
the Conservation of Nature, Gilman International Conservation, Epulu,
Orientale Province, Democratic Republic of Congo.

A. Stubbins, Department of Chemistry and Biochemistry, Old Dominion
University, Norfolk, VA 23529, USA.

12 of 12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


